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Resonances in the apparent mass of the human body occur at lower frequencies 
when the vibration magnitude is increased – a non-linearity that has been found 
with seated and standing persons. Increased harmonic distortion has been found 
in the dynamic force at the seat and the acceleration of the spine and pelvis for 
seated subjects exposed to higher magnitudes of vertical sinusoidal excitations at 
the resonance frequency. An experiment has been performed to measure 
harmonic distortions in the dynamic force with 12 subjects lying in a relaxed supine 
posture during vertical sinusoidal vibration (i.e. in x-axis of the supine body) and 
longitudinal horizontal sinusoidal vibration (i.e. in z-axis) at nine frequencies from 
2.5 to 16.0 Hz at two vibration magnitudes (0.25 and 1.0 ms-2 r.m.s.). With both 
vertical and longitudinal horizontal sinusoidal excitation, the distortions in the 
dynamic force were greater at greater vibration magnitude. Greatest distortion 
occurred around the frequency of the apparent mass resonance. The dependence 
of harmonic distortion on vibration frequency and vibration magnitude in the 




Resonance frequencies in frequency response functions of the human body (e.g. the apparent mass) 
decrease with increasing vibration magnitude. This biodynamic non-linearity has been reported with 
the seated human body exposed to vertical random vibration (e.g., Fairley and Griffin, 1989; 
Mansfield and Griffin, 2000; Mansfield and Griffin, 2002; Matsumoto and Griffin, 2002a; Toward, 
2002; Nawayseh and Griffin, 2003) and vertical sinusoidal vibration (e.g., Wittman and Phillips, 1969; 
Hinz and Seidel, 1987; Mansfield, 1995; Matsumoto and Griffin, 2002b). To quantify changes in 
response to sinusoidal waveforms, the harmonic distortion in the acceleration at the seat and in the 
dynamic force at the seat have been monitored (Mansfield, 1995).   
Harmonic distortion during sinusoidal excitation may be related to the non-linearity observed with 
random excitation. In a linear system, the resonance frequency would be the same at all vibration 
magnitudes and with sinusoidal inputs the output waveform of a linear system would be sinusoidal 
with zero harmonic distortion. The amount of harmonic distortion occurring in response to sinusoidal 
excitation would indicate the degree of non-linearity. With subjects sitting erect and exposed to 
vertical sinusoidal excitation, Wittman and Phillips (1969) reported that the magnitude of the force 
time history on the seat in the positive loading phase (downward displacement) was greater than in 
the negative unloading phase (upward displacement). The duration of the negative unloading (up) 
phase was longer than the positive loading phase. Hinz and Seidel (1987) reported that the averaged 
time histories of the output acceleration at T5 (the fifth thoracic vertebra) and at the heads of seated 
subjects deviated from waveforms of vertical sinusoidal input acceleration at the seat. The magnitude 
of the output acceleration during the negative unloading phase was greater and its duration was 
longer than during the positive loading phase. During sinusoidal vertical whole-body excitation, 
greater harmonic distortion in the output acceleration measured at the pelvis of the seated human 
body has been found at the resonance frequency around 5 Hz than at other frequencies (Mansfield, 
1995). The output acceleration distortion at the pelvis and the output force distortion on the seat 
increased with increasing vibration magnitude (from 0.5 to 1.5 ms-2 r.m.s.) over the frequency range 
4.0 to 12.5 Hz.  
The upright sitting postures used in previous studies required postural control using various muscles. 
It has been speculated that voluntary and involuntary muscular activity may be a cause of the non-
linearity (e.g. Matsumoto and Griffin, 2002b), although the non-linearity has recently been found in a 
relaxed supine posture with random vertical excitation (Huang and Griffin, 2007a) and random 
longitudinal excitation (Huang and Griffin, 2007b) where little muscular activity was required. With 
some transient intermittent random vibration, these studies showed that the non-linearity could be 
caused by some passive thixotropy of soft tissues, in which the stiffness of the body decreases during 
and immediately after prior excitation (within 5 seconds). 
This study was designed to investigate the dependence on the frequency and magnitude of vibration 
of harmonic distortions in the dynamic force at the back support of supine subjects during vertical and 
longitudinal sinusoidal excitation. If the non-linear force distortion is caused by some passive property 
such as the thixotropy rather than active muscular control, the force distortions of the supine human 
body would depend on the frequency and magnitude of vibration similarly to how they vary in upright 
seated persons. Therefore it was hypothesized that, during vertical and longitudinal sinusoidal 
excitation of the supine body, the greatest harmonic distortion in the dynamic force at the back 
support would occur at the apparent mass resonance frequencies and that the distortion would be 
greater at greater magnitudes of vibration.  
2. Method 
2.1 Apparatus 
The experimental arrangement during vertical sinusoidal vibration is shown in Figure 1 (see Huang 
and Griffin, 2007a); the arrangement during longitudinal horizontal excitation is shown in Figure 2 
(Huang and Griffin, 2007b). With both vertical and longitudinal horizontal excitation, subjects 
maintained the same relaxed supine posture. 
The supine support was constructed with three parts: back support, leg rest, and headrest.  
The back support was a horizontal flat rigid aluminium plate (660 mm by 660 mm by 10 mm) covered 
with high stiffness 3-mm thick laterally treaded rubber attached to the upper surface. The back 
support was bolted rigidly to the upper surface of the force platform that monitored the vertical (x-axis 
of the supine subject) and longitudinal horizontal (z-axis of the supine subject) forces exerted by the 
subject on the back support. The force platform was bolted rigidly to the vibrator platform. The 
horizontal distance between the edge of the back support and the edge of the leg rest was 50 mm.  
The legs of subjects rested on a horizontal flat rigid aluminium support covered with an 8-mm thick 
high-stiffness rubber. The height of the leg rest was adjusted to allow the lower legs to rest 
horizontally on the leg rest. 
The headrest was a horizontal flat rigid wooden block with 75-mm thick uncompressed foam on the 
upper surface. The top surface of the complete headrest (with the foam not being pressed by the 
subject) was approximately 50 mm higher than the back support. The longitudinal horizontal distance 
between the back support and headrest was adjusted by moving the headrest so that a subject’s 
head could rest comfortably.  
The vertical vibration (in the x-axis of the supine subject) was produced by a 1-metre stroke electro-
hydraulic vertical vibrator and the longitudinal horizontal vibration (in the z-axis of the supine subject) 
was produced by a 1-metre stroke electro-hydraulic horizontal vibrator in the laboratory of the Human 
Factors Research Unit. Both vibrators were capable of accelerations up to ±10 ms-2.  
The vertical (x-axis) and the longitudinal horizontal (z-axis) accelerations of the vibrator platform were 
measured using two identical Setra 141A ±2 g accelerometers fixed on the vibrator platform below the 
back support and between the leg rest and the force platform (Figure 1 and Figure 2). The vertical (x-
axis) and the longitudinal horizontal (z-axis) forces at the back support were measured using a Kistler 
9281 B21 12-channel force platform. The four vertical (x-axis) force signals and the four longitudinal 
horizontal (z-axis) force signals from the four corners of the platform were summed and conditioned 
using two Kistler 5001 charge amplifiers. 
An HVLab data acquisition and analysis system (version 3.81) was used to generate test stimuli and 
to acquire the vertical and horizontal accelerations and the vertical and longitudinal horizontal forces 
from the transducers. The two acceleration signals and the two force signals were acquired at 200 










Figure 1 Vertical (x-axis) excitation: schematic diagram of the supine support showing the 
supine position and the axes of the force (z-axis and x-axis) and the acceleration (x-axis) transducers. 
A photographic representation of a subject in the relaxed supine position during vertical excitation. 
  
 
Figure 2 Longitudinal horizontal (z-axis) excitation: schematic diagram of the supine support 
showing the supine posture and the axes of the forces (z-axis and x-axis) and the acceleration (z-
axis) transducers. A photographic representation of a subject in the relaxed supine position during 
longitudinal horizontal excitation. 
 
2.2 Stimuli 
Sinusoidal vibration with a duration of 90 seconds was tapered at the start and the end with 0.5-
second cosine tapers. Two magnitudes of sinusoidal acceleration (0.25 and 1.0 ms-2 r.m.s.) were 
generated at each of nine preferred 1/3rd-octave centre frequencies (2.5, 3.15, 4.0, 5.0, 6.3, 8.0, 10.0, 
12.5, and 16.0 Hz). 
All subjects were tested first with vertical (x-axis) vibration and later with longitudinal horizontal (z-
axis) vibration. The twelve subjects were divided into two equal groups, so that one group was tested 
with 0.25 ms-2 r.m.s. before 1.0 ms-2 r.m.s., and the other group was tested with 1.0 ms-2 r.m.s. before 
0.25 ms-2 r.m.s. The order of presentation of the nine sinusoidal frequencies was randomised. 
2.3 Posture 
While experiencing each vertical or longitudinal horizontal motion, subjects had their eyes closed and 
maintained a relaxed supine position with their lower legs lifted and resting on the horizontal flat leg 
rest so as to achieve maximum contact with the back support (Figure 1 and Figure 2). The 
longitudinal horizontal distance between the bottom of the buttocks (aligned with the edge of the back 
support) and the near edge of the leg rest was 50 mm for all subjects.  
During vertical excitation, subjects wore a loose safety belt (passing around their abdomen and their 
arms resting at the two sides of their body) that did not constrain the body. During longitudinal 
excitation, subjects wore a light harness connected by three loose safety belts to the vibrator platform 
without constraining the movement of the body. The total weight of the harness and buckles was less 
than 0.5 kg. 
2.4 Subjects 
Twelve male subjects, aged between 20 to 42 years, with median (minimum and maximum) stature 
1.73 m (1.66 m and 1.80 m) and median total body mass 66.4 kg (58.3 kg and 86.2 kg) participated in 
the study. The study used the same subjects investigated with vertical random vibration (Huang and 
Griffin, 2007a) and longitudinal horizontal random vibration (Huang and Griffin, 2007b). 
The experiment was approved by the Human Experimentation, Safety and Ethics Committee of the 
Institute of Sound and Vibration Research at the University of Southampton. 
2.5 Analysis 
In order to quantify changes in the shape of the sinusoidal waveforms, harmonic distortions of the 
excitation acceleration and the output force acting in the direction of excitation were calculated at 
each of the nine frequencies from 2.5 to 16.0 Hz. 
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where at is the r.m.s. value of the signal over all frequencies and a1 is the r.m.s. value of the signal at 
the driving frequency. All time histories were low-pass filtered at 46.0 Hz. The power spectral 
densities of the acquired signals were integrated to 2/1  (P1), to 2  (P2) and to 22  (P3) of the 
driving frequency. The power contained in the fundamental component was assumed to be contained 
in the frequency band 2/1  to 2  of the driving frequency (i.e. a1 = (P2 – P1)). The power contained 
in all frequencies was assumed to be contained in the band 2/1  to 22  of the driving frequency 
(i.e. at = (P3 – P1)). The power contained in the harmonic distortions was assumed to be contained in 
the first harmonic in the band 2  to 22 of the driving frequency (i.e. (P3 – P2)). The r.m.s. values of 
the excitation accelerations in the vertical (or longitudinal horizontal) direction and the r.m.s. values of 
the output forces in the direction of excitation in the above frequency bands were used to calculate 
the harmonic distortion. 
3. Results 
Example waveforms of the acceleration and force are shown in Figure 3. The acceleration and the 
force time histories were normalised by dividing the time histories by their means, and then re-scaled 
to unity by dividing the normalised time histories by their absolute maximum peak values.  
The medians and ranges of the harmonic distortions in the input accelerations and the output forces 
at the two vibration magnitudes of the nine frequencies with both vertical and longitudinal horizontal 
sinusoidal vibrations are shown in Figure 4 and Table 1. 
 
 
Figure 3 Example waveforms (Subject 10) of the excitation acceleration (▬▬) and the output 
force (——) during vertical and longitudinal sinusoidal vibration at 0.25 ms-2 r.m.s. and 1.0 ms-2 r.m.s. 
F1 – 2.5 Hz; F2 – 3.15 Hz; F3 – 4.0 Hz; F4 – 5.0 Hz; F5 – 6.3 Hz; F6 – 8.0 Hz; F7 – 10.0 Hz; F8 – 
12.5 Hz; F9 – 16.0 Hz. The duration of each sampled time history varies to give two cycles. All 





3.1 Effect of excitation frequency 
3.1.1 Vertical x-axis excitation 
Subject 11 exhibited exceptionally high force distortion at frequencies greater than 5.0 Hz at both 
magnitudes. The only apparent potential reasons were a slightly longer distance between the buttocks 
and the leg rest than other subjects (see Section 2.3 and Figure 1) and greater voluntary movement 
during exposure. The results from this subject obtained with vertical excitation have been excluded 
from Figure 4 and the median and tabular data (except Table 2 for horizontal excitation) below, but 




Figure 4 Medians and ranges of harmonic distortions with vertical x-axis excitation (at 0.25 and 
1.0 ms-2 r.m.s.; Subject 11 was excluded due to exceptionally high distortion at frequencies higher 
than 5.0 Hz) and longitudinal horizontal z-axis excitation (at 0.25 and 1.0 ms-2 r.m.s.) at nine 
frequencies (2.5, 3.15, 4.0, 5.0, 6.3, 8.0, 10.0, 12.5 and 16.0 Hz) of sinusoids. - - - - - median 
acceleration distortion; - - - - - minimum and maximum acceleration distortion; ▬▬▬ median force 
distortion; ——— minimum and maximum force distortion. 
 
With 0.25 ms-2 r.m.s. excitation at frequencies between 2.5 and 5 Hz, the median harmonic distortion 
in the excitation acceleration was similar to that in the output force. At 8.0 Hz and higher frequencies, 
the acceleration distortions were greater than the force distortions (p < 0.05, Wilcoxon). At 
frequencies lower than 8.0 Hz, there was no significant difference between the acceleration and force 
distortions. The harmonic distortions with individuals showed similar patterns to the medians over the 
frequency range 2.5 to 16 Hz (Figure 4 and Table 1 A). At 0.25 ms-2 r.m.s., to examine whether the 
force distortion was influenced by the acceleration distortion, Spearman’s correlation was performed 
for each of the 12 subjects between the force distortion and the acceleration distortion over the nine 
selected frequencies. The harmonic acceleration distortion was not correlated to the force distortion 
across the nine frequencies except for Subject 12 (p = 0.030, rs = 0.717, Spearman).  
With 1.0 ms-2 r.m.s. excitation, the median harmonic distortion in the force was greatest over the 
frequency range 5 to 6.3 Hz. This frequency range was lower than the resonance frequency in the 
median normalised apparent mass – the resonance frequency decreased from 10.35 Hz to 7.32 Hz 
as the vibration magnitude increased from 0.125 to 1.0 ms-2 r.m.s. (Huang and Griffin, 2007a). Over 
the frequency range 4.0 to 12.5 Hz, the force distortions were greater than the acceleration distortions 
(p < 0.02, Wilcoxon). At 3.15 and at 16.0 Hz, there was no significant difference between the force 
and the acceleration distortions. At 2.5 Hz the acceleration distortions were greater than the force 
distortions (p < 0.01, Wilcoxon). The harmonic distortions with individuals showed similar patterns to 
the medians (Figure 4 and Table 1 A). With 1.0 ms-2 r.m.s., the harmonic acceleration distortion was 
Vertical 0.25 ms-2 r.m.s. Vertical 1.0 ms-2 r.m.s.
Horizontal 0.25 ms-2
Horizontal 1.0 ms-2 r.m.s.
not correlated to the force distortion across the nine selected frequencies except for Subject 7 (p = 
0.042, rs = - 0.683, Spearman).  
Ideally, harmonic distortion in the excitation acceleration would have been zero, or very low and the 
same for all subjects. However, due to limitations in the vibrator, the distortions in the input 
acceleration were between 1.3% and 4.4% at 0.25 ms-2 r.m.s., and between 0.6% and 1.8% at 1.0 
ms-2 r.m.s. (see Figure 4 and Table 1). 
 
Table 1  Medians and ranges of the harmonic distortions (%) over 11 of the 12 subjects 
(Subject 11 was excluded) exposed to vertical sinusoidal excitation at the nine selected frequencies 
and the two vibration magnitudes (0.25 and 1.0 ms-2 r.m.s.). 
 
Freq. (Hz) 2.5 3.15 4.0 5.0 6.3 8.0 10.0 12.5 16.0 
Distortion of vertical acceleration at 0.25 ms-2 r.m.s. (%) 
Minimum 1.8 1.7 1.3 1.5 1.8 1.8 2.1 2.6 2.9 
Median 2.0 1.9 1.8 1.8 2.2 2.3 2.7 3.3 3.6 
Maximum 2.2 2.5 2.3 2.5 2.7 3.6 3.6 4.2 4.4 
Distortion of vertical force at 0.25 ms-2 r.m.s. (%) 
Minimum 2.0 1.7 1.5 1.6 1.7 1.3 1.5 1.4 1.8 
Median 2.1 2.0 1.7 1.9 1.9 1.5 1.8 1.9 2.2 
Maximum 3.2 3.8 2.0 3.2 2.0 1.8 2.1 2.3 3.9 
Distortion of vertical acceleration at 1.0 ms-2 r.m.s. (%) 
Minimum 1.5 1.2 0.6 0.7 1.1 0.6 1.1 0.9 1.3 
Median 1.6 1.3 0.7 0.9 1.4 0.7 1.3 1.5 1.6 
Maximum 1.8 1.4 1.3 1.1 1.6 1.1 1.4 1.7 1.8 
Distortion of vertical force at 1.0 ms-2 r.m.s. (%) 
Minimum 1.4 1.1 0.8 2.2 2.3 1.3 1.1 1.0 1.2 
Median 1.5 1.2 1.6 2.9 3.0 2.3 2.1 1.9 1.7 
Maximum 1.7 2.2 3.4 3.7 3.9 3.7 3.8 3.6 3.8 
  
 
3.1.2 Longitudinal horizontal z-axis excitation 
With 0.25 ms-2 r.m.s. excitation at frequencies between 4.0 and 16.0 Hz, the force distortions were 
greater than the acceleration distortions (p < 0.01, Wilcoxon). At 2.5 Hz, the force distortions were 
less than the acceleration distortions (p = 0.012, Wilcoxon). There was no significant difference 
between the force and acceleration distortions at 3.15 Hz. There was a peak in the median force 
distortion (at 3.8%) at 4 Hz (see Figure 4 and Table 2). The harmonic distortions with individuals 
showed similar patterns to the medians. With 0.25 ms-2 r.m.s., the harmonic acceleration distortion 
was not correlated to the force distortion across the nine selected frequencies except for Subject 2 (p 
= 0.005, rs = 0.833, Spearman) and Subject 4 (p = 0.036, rs = 0.700, Spearman).  
With 1.0 ms-2 r.m.s. excitation, the harmonic distortions in the force were significantly greater than the 
harmonic distortions in the acceleration over the frequency range 2.5 to 16.0 Hz (p < 0.02, Wilcoxon). 
There was a peak in the median force distortion (10.5%) at 2.5 Hz (Figure 4 and Table 2). The 
harmonic distortions with individuals showed similar patterns to the medians. With 1.0 ms-2 r.m.s., the 
harmonic acceleration distortion was not correlated to the force distortion across the nine selected 
frequencies except for Subject 3 (p = 0.010, rs = - 0.80, Spearman).  
 
Table 2  Medians and ranges of the harmonic distortions (%) of the 12 subjects exposed to 
longitudinal horizontal sinusoidal excitations at the nine selected frequencies and the two vibration 
magnitudes (0.25 and 1.0 ms-2 r.m.s.). 
 
Freq. (Hz) 2.5 3.15 4.0 5.0 6.3 8.0 10.0 12.5 16.0 
Distortion of longitudinal horizontal acceleration at 0.25 ms-2 r.m.s. (%) 
Minimum 2.8 1.9 2.0 1.9 1.8 1.4 1.8 2.3 2.4 
Median 3.8 3.1 2.3 2.1 2.1 1.9 2.1 2.5 3.0 
Maximum 5.8 6.6 2.9 2.5 2.8 2.4 2.8 3.2 3.9 
Distortion of longitudinal horizontal force at 0.25 ms-2 r.m.s. (%) 
Minimum 1.4 1.9 2.2 2.5 1.9 1.8 2.6 3.0 2.9 
Median 2.9 3.3 3.8 3.3 2.3 2.2 3.0 3.6 4.0 
Maximum 4.5 9.4 6.3 6.0 2.9 3.0 4.3 3.9 5.8 
Distortion of longitudinal horizontal acceleration at 1.0 ms-2 r.m.s. (%) 
Minimum 2.1 2.1 3.6 3.7 4.2 4.0 4.4 4.7 3.8 
Median 3.4 3.7 4.3 4.5 4.9 4.8 5.3 5.1 4.3 
Maximum 5.1 4.7 5.0 5.1 5.5 5.4 5.7 5.6 4.5 
Distortion of longitudinal horizontal force at 1.0 ms-2 r.m.s. (%) 
Minimum 4.6 3.6 3.9 4.6 5.2 4.7 5.0 5.1 4.4 
Median 10.5 8.2 6.6 6.5 7.2 7.0 6.5 6.0 5.0 
Maximum 24.7 22.4 10.7 10.5 9.2 9.4 7.8 6.8 5.3 
 
 
3.2 Effect of vibration magnitude  
3.2.1 Vertical (x-axis) excitation  
Over the range investigated (i.e., 2.5 to 16.0 Hz) there was no significant correlation between the 
harmonic acceleration distortion at the low (0.25 ms-2 r.m.s.) and the high (1.0 ms-2 r.m.s.) vibration 
magnitude. The correlation between the harmonic force distortions at the low and the high 
magnitudes were statistically significant only at 2.5 Hz (p = 0.011, rs = - 0.699, Spearman) and at 16.0 
Hz (p = 0.039, rs = 0.601).  
The harmonic acceleration distortions were greater at 0.25 ms-2 r.m.s. than at 1.0 ms-2 r.m.s. (p < 
0.010, Wilcoxon) at all nine frequencies. The harmonic force distortions were greater at 0.25 ms-2 
r.m.s. than at 1.0 ms-2 r.m.s. (p < 0.050) with 2.5 Hz and 3.15 Hz excitation, while the harmonic force 
distortions were greater at 1.0 ms-2 r.m.s. than at 0.25 ms-2 r.m.s. (p < 0.050) with 5.0, 6.3, and 8.0 Hz 
excitation. There was no significant effect of vibration magnitude on the harmonic force distortion at 
4.0 Hz (p = 0.583), 10.0 Hz (p = 0.388), 12.5 Hz (p = 0.937), or 16.0 Hz (p = 0.050). 
3.2.2 Longitudinal horizontal (z-axis) excitation 
The correlation between acceleration distortion at the low and the high magnitude was statistically 
significant only at 2.5 Hz (p = 0.008, rs = 0.722, Spearman). The correlation between the harmonic 
force distortions at the low and the high magnitude was statistically significant only at 12.5 Hz (p = 
0.004, rs = 0.765) and 16.0 Hz (p = 0.006, rs = 0.741). 
The harmonic acceleration distortions were significantly greater at 1.0 ms-2 r.m.s. than at 0.25 ms-2 
r.m.s. (p < 0.010, Wilcoxon) over the frequency range 4.0 to 16.0 Hz. There was a marginally non-
significant effect of vibration magnitude on the acceleration distortions at 2.5 Hz (p = 0.05) and 3.15 
Hz (p = 0.084). The force harmonic distortions were marginally non-significantly greater at 1.0 ms-2 
r.m.s. than at 0.25 ms-2 r.m.s. (p < 0.05) at all nine frequencies. Eight out of the twelve subjects 
showed greatest force distortions at a greater frequency with 0.25 ms-2 r.m.s. than with 1.0 ms-2 r.m.s. 
(see Table 3). 
 
Table 3  Frequencies of greatest harmonic distortion in the output force during longitudinal 
horizontal sinusoidal vibration for the twelve subjects – 8 (S1, S2, S5, S6, S7, S8, S11, S12) of the 12 
subjects showed higher distortion peak frequency at 0.25 than at 1.0 ms-2 r.m.s. 
 
Subject Peak frequency at 0.25 ms-2 r.m.s. (Hz) 
Peak frequency at 
1.0 ms-2 r.m.s. (Hz) 
S1 5.00 2.50 
S2 3.15 2.50 
S3 3.15 3.15 
S4 2.50 2.50 
S5 3.15 2.50 
S6 3.15 2.50 
S7 4.00 3.15 
S8 5.00 2.50 
S9 4.00 8.00 
S10 2.50 2.50 
S11 4.00 2.50 




4.1 Effect of excitation frequency 
With 0.25 ms-2 r.m.s. vertical excitation, only one subject exhibited a significant correlation between 
the acceleration distortion and the force distortion over the nine selected frequencies. With 0.25 ms-2 
r.m.s. longitudinal excitation, two subjects showed significant correlations. With 1.0 ms-2 r.m.s. vertical 
excitation and with 1.0 ms-2 r.m.s. longitudinal excitation, one subject showed a significant correlation. 
These findings may suggest that the force distortion is not primarily dependent on the distortion in the 
waveform in the acceleration excitation. Even if the force distortion is caused by the acceleration 
distortion at some frequencies, factors such as voluntary movement, the way the subjects were 
mounted on the rig (e.g. distance between the buttocks and the leg rest) and inter-subject variability 
(e.g. body build, contact area of the back) might have masked any causal effect and a correlation. In 
cases where acceleration and force distortions are small (e.g. during vertical excitation the distortion 
was less than 5%), these factors could have had considerable effect on the force distortion. For 
example, the force distortion could have been increased at some frequencies but decreased at other 
frequencies. 
With 0.25 ms-2 r.m.s. vertical excitation, there was no apparent peak in the median force distortion. 
With 1.0 ms-2 r.m.s. vertical excitation, the median force distortion was greatest at 6.3 Hz. This 
frequency is the same as the frequency of greatest median apparent mass obtained by dividing the 
r.m.s. force by the r.m.s. input acceleration during sinusoidal excitation. This frequency is slightly 
lower than the resonance frequency of the median normalised apparent mass (at 7.3 Hz) for the same 
12 supine subjects excited at the same magnitude (1.0 ms-2 r.m.s.) but with random vertical vibration 
(Huang and Griffin, 2007a). With seated subjects, the greatest distortion in the force at the seat has 
been found at 4.0 Hz during sinusoidal vertical vibration at 1.0 ms-2 r.m.s. and lower than the median 
apparent mass resonance frequency (at 5.0 Hz) during 1.0 ms-2 r.m.s. random vertical vibration 
(Mansfield, 1995; Mansfield, 1998).  
With 0.25 ms-2 r.m.s. longitudinal excitation, the greatest median force distortion occurred at around 
4.0 Hz. This frequency is higher than the frequency of greatest median apparent mass (less than 2.5 
Hz) obtained with sinusoidal excitation. This frequency is also slightly higher than the resonance 
frequency of the median normalised apparent mass (at 3.3 Hz) for the same 12 supine subjects at the 
same magnitude (0.25 ms-2 r.m.s.) of longitudinal random vibration (Huang and Griffin, 2007b). With 
1.0 ms-2 r.m.s. longitudinal excitation, the greatest median force distortion occurred at 2.5 Hz and 
lower frequencies. The frequency of greatest median apparent mass with sinusoidal vibration is also 
less than 2.5 Hz. The resonance frequency of the median normalised apparent mass during random 
vibration was 2.4 Hz (Huang and Griffin, 2007b). In that study, the resonance frequency in the median 
normalised apparent mass decreased from 3.7 Hz to 2.4 Hz as the vibration magnitude increased 
from 0.125 to 1.0 ms-2 r.m.s.  
4.2 Effect of vibration magnitude 
With vertical vibration, the force harmonic distortions were greater with 1.0 ms-2 r.m.s. than with 0.25 
ms-2 r.m.s. excitation over the frequency range 5.0 to 8.0 Hz. This is consistent with increased 
harmonic distortion in the force at the seat with increased vibration magnitudes from 0.5 to 1.5 ms-2 
r.m.s. during vertical sinusoidal vibration with upright seated subjects (Mansfield, 1995). 
With longitudinal vibration, the force harmonic distortions were greater with 1.0 ms-2 r.m.s. than with 
0.25 ms-2 r.m.s. excitation at all nine frequencies. The two frequencies of greatest force distortion 
decreased with increasing vibration magnitude (4.0 Hz and around 10 Hz at 0.25 ms-2 r.m.s.; 2.5 Hz 
and around 6.3 Hz at 1.0 ms-2 r.m.s.). These reductions are similar to the reductions in the resonance 
frequency and the reduction in the frequency at which the coherency drops with increasing vibration 
magnitude (Huang and Griffin, 2007b). 
The present results indicate that the force distortions of the supine human body depend on the 
frequency and magnitude of vibration similarly to how they vary in upright seated persons (Mansfield, 
1995). This suggests that the distortions in the two orientations may be caused by a common 
mechanism. The relaxed supine condition required minimal voluntary control and markedly reduced 
involuntary responses of muscles compared to seated and standing postures. Therefore, a passive 
property of the body rather than active postural control of muscles may have caused the distortions. 
With longitudinal horizontal excitation, the force distortions exhibited a similar non-linear behaviour as 
the apparent mass resonance frequency during random vibration: the frequency with greatest force 
distortion decreased with increasing vibration magnitude. The non-linear change in the force 
distortions suggests that the force distortions and the biodynamic non-linearity are related and they 
may have a common cause. 
This non-linear change in the frequencies of greatest harmonic force distortion due to vibration 
magnitude was not examined with vertical excitation because there was no apparent peak in the 
harmonic force distortion at 0.25 ms-2 r.m.s.  
5. Conclusions 
During vertical sinusoidal excitation of the supine human body, the frequency of greatest force 
distortion tends to be slightly lower than the resonance frequency in the apparent mass. During 
longitudinal sinusoidal excitation, the frequency of greatest force distortion tends to be slightly higher 
than the resonance frequency in the apparent mass. During longitudinal excitation, the frequencies of 
greatest harmonic force distortion decrease with increasing vibration magnitude. The dependence of 
the harmonic force distortion of the supine human body on the frequency and magnitude of vibration 
is similar to that of upright seated persons. 
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